In recent years, the organization of silicon nanocrystals became one of the most important concerns for large scale integration of nanoelectronic devices, such as single electron transistors 1 and nonvolatile memories. 2 Several techniques were proposed for nanocrystal organization. In particular, self-organization processes have recently attracted increasing attention by using prestructured surfaces as templates to organize nanocrystals grown naturally or artificially. The one kind of approaches concerns the natural prestructuring of the surface resulted from the creation of a periodic strain network defining a regular array of nucleation and growth sites. 3 This method exhibits the advantage of being quick and is applicable on all types of surfaces with sizes up to a few mm 2 . However, using this approach, rectilinear strain networks are difficult to achieve and the obtained structures are usually inhomogeneous in size. 4, 5 Second kind of approaches concerns artificial prestructuring, which consists of creating a periodic pattern with high-resolution lithography combined with etching techniques 6, 7 or using porous anodic alumina as template. 8 This kind of approaches is much more precise and achieves a good resolution. It is the latter that was used during the present work to create a patterned nanohole array in a silicon nitride thin film. These templates will define the localization of silicon nanocrystals realized by electrochemical etching of the substrate.
It was recently shown that using short single pulses of current in a low concentration of hydrofluoric acid electrolytes and a current density in the transition regime between pore formation and electropolishing, allows the formation of a monolayer of laterally separated silicon nanocrystals at the surface of silicon wafers. 9, 10 Depending on substrates and anodization parameters, high quality silicon nanocrystal arrays can be formed with well controlled and reproducible morphologies. These nanocrystals have the same doping level and crystallographic orientation as the initial substrate. Structure, chemical composition, and light emitting properties of the Si nanocrystals obtained by this method were recently studied in details. 11, 12 However, no attempt has been reported regarding the means of localizing these nanocrystals. Thus, our present work describes one approach with the aim of demonstrating the feasibility of this technique for nanocrystal organization, enabling precise control of size as well as of density and spatial position of silicon nanocrystals.
Our nanofabrication process consists of two main steps: ͑i͒ electron-beam lithography ͑EBL͒ and plasma etching ͑ad-vanced oxide etching, AOE͒ to fabricate templates in a silicon nitride thin film, followed by ͑ii͒ electrochemical etching of the silicon substrate that produces organized silicon nanocrystals on the surface. A layer of 30 nm thick silicon nitride ͑Si 3 N 4 ͒ was deposited using low pressure chemical vapor deposition on a P-doped ͑100͒-oriented silicon substrate with a resistivity of 1 -10 ⍀ cm. In order to prepattern the surface, Si 3 N 4 layers were spin coated with 100 nm of resist, ZEP520 diluted in anisole. 13 Samples were then annealed at 180°C for a few minutes. EBL was performed by means of a LEO1530 scanning electron microscope externally controlled by a computer equipped with lithography software using the Nabity Pattern Generation System. In order to obtain nanosize holes, a single point exposure scheme was used for each point. After exposure, the development of the resist was completed using ortho-xylene. This template is used as a mask for plasma etching. The Si 3 N 4 holes were etched through the resist layer using a Surface Technology System advanced oxide etch inductively coupled plasma system in a gas mixture of CF 4 / He/ H 2 . After Si 3 N 4 etching, the resist layer was removed using nanostrip followed by an oxygen plasma cleaning to remove any residual organics.
The nanocrystals are then formed at the surface of the silicon substrate through the Si 3 N 4 mask by using electrochemical etching. As a result, a monolayer of laterally separated silicon nanocrystals at the surface of the wafer was formed by using a short monopulsed anodization current in the transition regime, 9 which is a specific regime situated between two other anodization regimes: porosification and electropolishing.
14 The electrochemical etching was performed in a galvanostatic regime under daylight using an electrochemical cell. The back side of the Si substrate was connected to a small copper anode via an Al ohmic contact. The electrolyte was prepared using concentrated aqueous hydrofluoric acid ͑HF 49%͒ diluted in ethanol. In this work, we used a 1:7 volume mixture of HF and ethanol. In order to work in the transition regime, short pulses of etching cur-rents were applied to the cell with different current densities between 4 and 10 mA/ cm 2 and for relatively short times between 5 and 10 s using a programable current source at room temperature. In order to achieve a better characterization of the silicon nanocrystals, Si 3 N 4 thin films were etched away with hot phosphoric acid 85% ͑H 3 PO 4 ͒ at 140°C. This solution was selected in order to ensure high etching selectivity regarding to silicon. 15 The surface topography of all samples was investigated by transmission electron microscopy ͑TEM͒, scanning electron microscopy ͑SEM͒, and atomic force microscopy ͑AFM͒ operating in tapping mode. Figure 1͑a͒ presents an example of SEM image on the surface of nanoholes array obtained in Si 3 N 4 layers after plasma etching ͑AOE͒ and resist stripping. The inset shows a cross-section image of one hole profile. Mean hole diameter and periodicity were about 30 and 200 nm, respectively. In particular, achieved vertical sidewalls of the nanoholes can be seen on the inset in Fig. 1͑a͒ . The surface of the patterned wafer after electrochemical etching is shown in Fig. 1͑b͒ . As one can see, ordered array of homogenous silicon nanocrystals localized in prepatterned holes were obtained. A typical cross-section SEM image of the Si 3 N 4 hole profile as well as of a single Si nanocrystal formed at the hole bottom after the electrochemical etching can be seen respectively in the insets of Figs. 1͑a͒ and 1͑b͒ . By adjusting the anodization parameters ͑time, HF concentration, and current density͒, we are able to achieve a very high control of the required silicon nanocrystal density. Particularly, in this example ͓Fig. 1͑b͔͒, anodization parameters were calibrated in order to obtain a single silicon nanocrystal per hole with a very good uniformity across the entire sample. We obtained an ordered array of silicon nanocrystals ͑200ϫ 200 m 2 ͒ with a periodicity of 200 nm. A yield of 99.34 percent was measured on a surface of 2.47ϫ 10 7 nm 2 which containing 770 holes. The nanocrystal diameter was 10Ϯ 1.2 nm with a height of 4 Ϯ 1.6 nm. Figure 2 shows an example of a cross sectional TEM image of a single silicon nanocrystal realized by this technique. We observe that the silicon nanocrystal ͑the encircled area͒ is conical and has the same crystallographic orientation as the Si substrate. The dimensions of the nanocrystals were about 10Ϯ 1.4 nm in diameter and 4 Ϯ 1.5 nm in height.
The profile of a single silicon nanocrystal obtained with an AFM as well as a topographical magnified AFM image of the nanocrystal are illustrated in Fig. 3 . Comparing with results obtained by SEM and TEM, lateral diameters measured by AFM are larger than the actual values because of the size of the curvature radius of the AFM probe tip which is similar to the nanocrystal diameter. However, the general localization in the hole, shape and height of the nanocrystals were similar to the observation performed by TEM. The diameter of silicon nanocrystals was measured to be 20Ϯ 2.1 nm with a height of 4 Ϯ 1.4 nm, localized in holes of about 36 nm diameters. We thus obtain localized homogeneous silicon nanocrystals. However, to use them in single electron devices, our next work will be devoted to the oxidation of these nanocrystals in order to isolate them electrically from the bulk. Indeed, it was shown that silicon nanocrystals oxida- tion occurs beneath the nanocrystal as well as on the top and sides in O 2 at 850 and 1050°C. 16, 17 This is an important point which will be validated in our next studies.
In conclusion, we have demonstrated and validated an approach to obtain two-dimensional ordering of silicon nanocrystals. This approach consists in the localization of silicon nanocrystals via an electrochemical etching in the transition regime on a prepatterned silicon nitride surface. The main advantage of this process is that it allows complete control of the location of the nanocrystals, the distance between them and their crystalline orientation. This achievement can have a major impact on future applications in nanoelectronics devices, in particular for the large-scale fabrication of single electron transistors and nonvolatile memories. This simple low cost approach allows the control of the quantum size effects and single-electron charging in these isolated nanocrystals for nanoelectronics device fabrication. This effort is currently ongoing and more detailed studies on the influence of the parameters of anodization on shape and size of the nanocrystals, their oxidation, and electrical characteristics are under development.
